), as designated the low-heat-flow zone. We suggest that such anomalously low heat flow can be explained by the recharge of seawater into the formation, and that hydrothermal vents or diffuse flow in the high-heatflow zone can drive this kilometer-scale hydrothermal circulation within the Iheya-North knoll complex, if the sediment below the moderate-heat-flow zone is impermeable enough to prevent vertical fluid migration but is permeable enough to encourage horizontal flow. Although some geological data such as piston core samples, surface morphology and seismic data would support this inference,
Hydrothermal circulation beneath the seafloor is a major process of heat and material exchange between seawater and solid earth. Since hydrothermal circulation is induced by magmatic intrusion beneath the seafloor, it is mostly distributed along the mid-oceanic ridges or active back-arc basins.
Hydrothermal activities in back-arc basins have been identified in the Mariana Trough (Craig et al., 1987) , Manus Basin (Both et al., 1986) , North Fiji Basin (Auzende et al., 1990) , and midOkinawa Trough (Halbach et al., 1989) .
The Okinawa Trough is a back-arc basin of the Ryukyu arc-trench system, and is considered to represent rifting within continental crust. Geophysical, geochemical, and microbiological surveys have been carried out in the trough since the 1980s, with the aim of understanding tectonic, stratigraphic, and volcanic processes. To date, many hydrothermal sites have been discovered (e.g., Katsura et al., 1986; Kimura et al., 1987; Sibuet et al., 1987) . Hydrothermal activity is interpreted to have started after rifting-hosted volcanic activities, of which Iheya-North knoll complex is a typical example (Momma et al., 1996) .
Detailed heat flow measurements have been carried out in the Okinawa Trough since 1986 (e.g., Yamano et al., 1986a Yamano et al., , 1986b Yamano et al., , 1988 . High heat flow anomalies are generally observed within ~10 km of the trough axis (Kinoshita et al., 1991) . The occurrence of hydrothermal circulation, distributed along the axis, is expected from the wide range of heat flow value, with the highest value exceeding 10 Wm Red rectangle shows the location of Iheya-North hydrothermal field. Geological structures are after Kimura et al. (1987) . Lines 1-4 in the inset map show the seismic lines surveyed by Nagumo et al. (1986) . ( Y. Masaki et al., 1986a Masaki et al., , 1986b . A seismic reflector at ~1.5 sec (two-way travel time) beneath this site is considered to represent a magma chamber (Nagumo et al., 1986) . Kinoshita (1995) conducted a numerical simulation of hydrothermal circulation in this region, assuming magma emplaced at 1.5-2.0 km below the active hydrothermal mound and a basin above the mound covered with impermeable sediment. The simulation results indicated that some seawater is entrained through the basin sediment, as also suggested by concave temperature-depth profiles (Kinoshita et al., 1990) , and that heat flow is still high in such a setting because the shallow magma heats the basin by thermal conduction. Thus, the location of the heat source and the permeability structure control the hydrological and thermal regimes in hydrothermal systems.
The Iheya-North hydrothermal field is located northwest of the Iheya-Deep site, 200 km northwest of Okinawa Island (Fig. 1a) . The active hydrothermal site, shown as purple region in Fig 1c, is near the western edge of a small basin (~2 km and ~0.7 km in the EW and NS directions, respectively) surrounded by a complex of small knolls. The hydrothermal edifices are characterized by silty to coarsegrained pumice sand, and by several hydrothermal mounds that produce hydrothermal emissions and that host biological communities (Fig. 2) . The most active mound, called the North Big Chimney (NBC), is over 10 m high, and the temperature of venting fluid is 311 (Kataoka et al., 2000) .
Detailed heat flow measurements were performed to understand the spatial extent of the hydrothermal circulation system. Because the characteristics of hydrothermal activity can vary at a local scale, even over distances of less than 1 m, pin-point sampling or measurement with visual confirmation of the site is essential. Given this requirement, investigation using a submersible or Remotely Operated Vehicle (ROV) is most appropriate. In this paper, we present heat flow data collected in and around the Iheya-North hydrothermal field, and propose a qualitative model of hydrothermal circulation inferred from high-resolution bathymetry, side-scan sonar images, core samples, and seismic reflection profiles, as well as heat flow data. Institute, University of Tokyo, Japan (Kinoshita et al., 2006a) .
NSS is equipped with thrusters and a TV camera and is capable Heat flow value is calculated as the product of geothermal gradient and thermal conductivity. In this study, we used two types of heat flow probes. A stand-alone heat flow (SAHF) meter is designed to measure the temperature gradient from a submersible or ROV (Kinoshita, 2006b) . Five thermistors are mounted in the probe at 11-12 cm intervals; the probe length is 60 cm. For operation from research vessels or NSS, 4-m-long geothermal probes are used (Kinoshita et al., 2006a) . Six to eight thermistors are attached to a steel rod or a piston core sampler, and the probe is lowered from the ship to the seafloor by a steel wire.
Thermal conductivity was measured from core samples, using a half-space or needle probe method (Von Herzen and Maxwell, 1959) . In the case that core samples were unavailable, the conductivity was substituted with values measured at the nearest station or with those determined for a similar lithology. The value of thermal conductivity for marine sediments varies between 0.8 and 1. However, since preliminary inspection of core samples
indicates that the surface sediment is primarily consists of altered clay or pumice, its uncertainties would be smaller than a factor of 2, which does not affect the overall heat flow trend discussed here.
To determine the geothermal gradient, sub-bottom temperatures were measured by a probe with multiple thermistors for 10-15 minutes after penetration into sediment.
The effect of frictional heating was numerically removed from measured values to estimate in situ temperature (Bullard, 1954) . The thermal gradient was corrected for the probe tilt angle, as measured either inside the probe or estimated from video images during submersible operations.
The thermistor measures electrical resistance, which is converted to temperature with 1-mK resolution. Each thermistor is calibrated from 0 to 20 using a quartz thermometer and an isothermal bath with an accuracy of ~10 mK. The overall absolute accuracy of the employed thermistors is estimated to be 10-20 mK. In the deep-sea environment deeper than ~200 m, bottom-water temperature is considered to be stable within several milli Kelvin. Thus, to obtain a more accurate temperature gradient, temperature is measured above the seafloor before penetration, and is subtracted from the in situ temperature. As a result, we gain a relative temperature precision in the order of milli Kelvin. Frictional heating or physical movement of the probe during measurement introduces errors to the calculated temperature gradient. Where identified, measurements containing such errors were excluded from the data.
Variations in bottom-water temperature result in nonlinear temperature-depth profiles. The degree of Y. Masaki et al., nonlinearity depends on the amplitude and period of variation, as well as the thermal diffusivity of the sediment. Such variations have a negative effect on the quality of heat flow values. For example, warm water mass emitted from a vent causes an increase in sub-bottom temperatures and a decrease in the apparent temperature gradient. We estimate that the overall accuracy of the measured temperature gradient is ~10 %, which is mainly attributed to uncertainty in thermal conductivity.
We obtained 78 reliable heat flow values in and around the Iheya-North hydrothermal field. Fig. 3 (a-f) shows temperature-depth profiles, and Figs. 3g and 3h, are thermal conductivity-depth profiles. Table 1 ) were measured close to some of the mounds in the active hydrothermal site (Fig, 2) . Some of them are thermally affected by the nearby venting or diffuse hydrothermal discharge, as indicated by convex temperaturedepth profiles (D218-SHF6 in Fig. 3 ). Note that we define 'convex' profile so that the depth which gives a certain temperature value is always shallower than the expected linear trend, whereas for the 'concave' profile its depth is always deeper. The region with heat flow ranging 1 to 10 Wm -2 surrounds the active hydrothermal site. In the southwestern edge of the active site, heat flow obtained at NT03-09 D218-SHF2 is very low (< 0.1 Wm -2 ), and the temperature-depth profile has a concave shape ( Fig. 3a ; Table 1 ).
Beyond 500 m from the active hydrothermal site in the high-heat-flow zone, heat flow is between 0.1 and 1.0 Wm -2 , showing a gradual eastward decreasing trend ( Fig. 1(d) . These nonlinear profiles are attributed to variations in bottom-water temperature. We designate this area a "low-heatflow zone".
We Notes: WD: the Water depth, N: the number of sensors used for calculation of temperature gradient, Pen: the penetration length of the probe, G: the temperature gradient, K: the thermal conductivity (*indicates data estimated by the insitu heat-pulse method), Q: the conductive heat flow (* is the total heat flow estimated from nonlinear temperature profiles, assuming they result from both conductive and advective heat transfer, after Bredehoeft and Papadopulos, 1965) . contains layers dominated by massive pumice or pumice fragments (Kinoshita et al., 2006a) . In this setting, the pumicerich layers would serve as permeable channels or a potential hydrothermal reservoir.
In the low-heat-flow zone, located 1.5-2.0 km east of the active site, visual observations and side-scan sonar images suggest that the seafloor consists of coarse sediment with a rugged surface, as revealed from high-resolution bathymetry obtained using AUV Urashima ( Fig. 2 ; Kumagai et al., 2010) .
Here, heat flow is much lower than the reference value (0.1 Wm -2 , see Section 3.2). As seen in Instead, we suggest that such anomalously low heat flow is better explained by the recharge of seawater into the formation; it is likely that the high permeability beneath this zone enables the seawater to infiltrate the seafloor sediment, resulting in a reduction in surface heat flow values.
In the moderate-heat-flow zone, heat flow gradually decreases eastward, approaching the value in the low-heat-flow A similar circulation system has been proposed by Genthon et al. (1990) This model needs to be tested through other, more direct evidence and by numerical simulation studies.
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